In this work, we discuss mode-locking results obtained with low-loss, ion-exchanged waveguide lasers. With Yb 3+ -doped phosphate glass waveguide lasers, a repetition rate of up to 15.2 GHz was achieved at a wavelength of 1047 nm with an average power of 27 mW and pulse duration of 811 fs. The gap between the waveguide and the SESAM introduced negative group velocity dispersion via the Gires Tournois Interferometer (GTI) effect which allowed the soliton mode-locking of the device. A novel quantum dot SESAM was used to mode-lock Er 3+ , Yb 3+ -doped phosphate glass waveguide lasers around 1500 nm. Picosecond pulses were achieved at a maximum repetition rate of 6.8 GHz and an average output power of 30 mW. The repetition rate was tuned by more than 1 MHz by varying the pump power.
INTRODUCTION
High-repetition-rate lasers (i.e. > 1GHz) lasers have gained considerable interest over the last decade owing to various applications in optical frequency metrology [1] , calibration of astronomical spectrographs [2] , optical sampling [3] and non-linear microscopy [4] . Diode-pumped, solid-state waveguide lasers with integrated saturable absorber elements can be used as high repetition-rate laser sources. These compact devices offer several advantages such as a low lasing threshold, high slope efficiency and a low mode-locking threshold due to the strong saturation of the gain medium and the saturable absorber owing to the small mode sizes. These devices can operate over various spectral regimes and can be mass-produced using standard micro-photonic fabrication techniques.
Using the standard cleanroom processes it is also possible to integrate dispersion compensating elements, Bragg-mirrors structures and possibly saturable absorbers on a single chip. To this end, a sub-picosecond Erbium-doped aluminasilicate glass waveguide laser with a repetition-rate of 400 MHz and wavelength around 1.5 μm was realised by Byun et al. [5] . However, the output power was limited to ~1.2 mW. There have been several previous reports of ultrafast lasers with waveguides as a gain media and the saturable absorber in an external cavity configuration with repetition rates of below 1 GHz [6] [7] [8] [9] , and recently picosecond operation of a femtosecond-written glass waveguide laser at a repetition rate of 1.5 GHz [10] has been demonstrated using graphene as the saturable absorber element.
In this paper we present our high-repetition rate, ion-exchanged waveguide lasers fabricated in phosphate glasses. The Yb 3+ -doped IOG-1 waveguides were polished to lengths of 20 mm, 9.4 mm, 8 mm and 6.5 mm resulting in repetition rates of 4.9 GHz, 10.2 GHz, 12 GHz and 15 GHz, respectively [11, 12] . Pulse durations of ~ 800 fs with average power of few tens of mWs were achieved around 1050 nm from these devices. Negative group velocity dispersion was introduced into the cavity by controlling the gap between the SESAM and the waveguide via the Gires Tournois Interferometer (GTI) effect. Er,Yb-doped IOG-1 glass waveguides were also fabricated by ion-exchange and two samples of lengths 20 mm and 14.5 mm generated picosecond pulses at a repetition rate of 4.8 GHz and 6.8 GHz [13] at 1500 nm. A novel quantum-dot (QD) SESAM [14] was utilised to initiate self-starting mode-locking. The repetition rate of the waveguide laser was also tuned by controlling the pump power, which could be a promising technique for frequency comb stabilisation.
EXPERIMENTAL DETAILS

Waveguide fabrication
A 200-nm-thick layer of aluminium (Al) was deposited by e-beam evaporation on the polished Yb 3+ -doped and Er 3+ ,Yb 3+ -doped phosphate glass samples (IOG-1 from Schott Glass technologies Inc), following which a 1.3-μm-thick photoresist layer (S1813) was spin-coated on them. Using photolithography, channel openings of widths 1 μm to 10 μm in steps of 0.2 μm were opened and the resist-masked samples were chemically etched to transfer the photoresist mask onto the metal layer. After solvent removal of the photoresist, the samples were immersed in a molten salt mixture comprising of 45 mol% KNO 3 − 50 mol% NaNO 3 − 5 mol% AgNO 3 in an ion-exchange furnace. The glass samples were kept at a temperature of 325°C for 10 minutes for the Yb 3+ -doped glass and for 30 minutes for the Er 3+ , Yb 3+ -doped glass. The Na + ions in the glass were exchanged with the K + and the Ag + ions in the ion-exchange melt, leading to a local increase in the refractive index. Next, the metal mask was chemically removed and the Yb 3+ -doped glass samples were polished to lengths of 20 mm, 9.4 mm, 8 mm and 6.5 mm and the Er 3+ , Yb 3+ -doped glass samples were polished to lengths of 20 mm and 14.5 mm.
Quantum dot SESAM fabrication
The QD-SESAM [14] used for mode-locking the Er 3+ , Yb
3+
-doped glass around 1.5 μm was grown in a solid-source molecular beam epitaxy machine. 31 pairs of GaAs (115 nm) and Al 0.98 Ga 0.02 As (134 nm) were grown on a GaAs substrate to form the distributed Bragg reflector (DBR) structure. On top of the DBR mirror, a dot in well (DWELL) structure was grown. The DWELL structure comprised of a 1-nm-thick layer of In 0.18 Ga 0.82 As followed by the InGaAs/GaAs quantum dot layer and finally a 6-nm-thick layer of In 0.31 Ga 0.69 As. On top of the DWELL structure, a GaAs capping layer was grown. The In-layers were grown at a temperature of 530°C and the GaAs layers were grown at 565°C.
Experimental setup
The waveguides were pumped by a single-mode, fibre-coupled laser diode delivering a power of up to 850 mW at a wavelength of 974 nm (3S photonics). The output from the pump was collimated by an aspheric lens with a focal length of 8 mm and was coupled into the waveguide through an output coupling mirror (R=98% at the lasing wavelength and R<0.1% at the pump wavelength) by either an aspheric lens with focal length of 11 mm for pumping the Yb 3+ -doped glass waveguides or an aspheric lens with focal length of 15.4 mm for pumping the Er 3+ , Yb 3+ -doped glass waveguides. After the f=8 mm collimating lens, a combination of a half-wave plate and an optical isolator was installed in the pump path to protect the laser diode from feedback from the waveguide. The waveguide cavity was completed by end-butting a high reflectivity (HR) mirror for continuous wave (CW) characterisation or a SESAM for mode-locking experiments. A commercially available SESAM from Batop GmbH was used for mode-locking the Yb 3+ -doped glass waveguides and the QD-SESAM was used for mode-locking the Er 3+ , Yb 3+ -doped glass waveguides. A dichroic mirror installed before the launching lens was used to separate the pump and the laser beams. The laser beam reflected from the dichroic mirror was then passed through a combination of a half-wave plate and an isolator and then coupled into a single-mode fibre. Wavelength (nm)
The output of this fibre was split by a 3-dB coupler and was fed into a spectrometer and a radio frequency (RF) spectrum analyser. A flip mirror was placed before the coupling stage, which was used to steer the beam to an autocorrelator to measure the pulse duration. The output power was measured before the isolator using a thermal power meter.
MODE-LOCKED YB:PHOSPHATE GLASS WAVEGUIDE LASER
With the 20-mm-long Yb:phosphate glass waveguide sample, mode-locked operation was observed at an average output power of 19 mW. On increasing the pump power, an output power of up to 32 mW was achieved at a repetition rate of 4.9 GHz as seen from Figure 1(a) . The pulses were measured to be 740 fs and had a good fit to a sech 2 profile as shown in Figure 1 (b) . The mode-locked laser spectrum was found to be centred at 1058.3 nm and had a full-width-halfmaximum (FWHM) of 2.3 nm (Figure 1(c) ), resulting in a time-bandwidth product of 0.46. Similarly, mode-locking experiments were carried out with the 9.4-mm-long, 8-mm-long and 6.5-mm-long waveguide sample and the results obtained have been summarized in Table 1 . A maximum repetition rate of 15.2 GHz was obtained with the 6.5-mm-long waveguide sample. The experimentally measured critical pulse energy for the 20-mm-long waveguide laser was 0.2 nJ, which is an order of magnitude lower than the theoretically estimated value for the non-soliton mode-locking case (see equation 16 of [15] ). The low-threshold mode-locking from our waveguide lasers can be attributed to a soliton formation mechanism. The critical pulse energy was calculated to be 0.095 nJ for the soliton mode-locking case (see equation 27 of [15] ) which is in good agreement with our experimentally observed values. The necessary group velocity dispersion (GVD) is introduced into the cavity by controlling the gap between the SESAM and the waveguide, which essentially behaves as a GiresTournois interferometer (GTI) structure. The net dispersion in the cavity was estimated to be around -6200 fs 2 [16] for the 20-mm-long-waveguide cavity, where 920 fs 2 is the contribution from the Yb 3+ -glass waveguide and -7120 fs 2 is the contribution from the GTI.
MODE-LOCKED ER,YB:PHOSPHATE GLASS WAVEGUIDE LASER
With the 20-mm-long Er,Yb:phosphate glass waveguide sample, Q-switched modelocking was observed at an incident pump power of 415 mW which resulted in an output power of 5.6 mW. The repetition rate was measured to be 370 kHz and the Q-switched pulse envelope duration was measured to be 106 ns. On increasing the pump power to 513 mW, selfstarting CW mode-locking was observed with a corresponding output power of 6.7 mW. The total dispersion in the cavity was estimated to be about -2000 fs 2 , with the contribution of the Er,Yb:phosphate glass and the GTI being -840 fs 2 and the -1160 fs 2 , respectively. The RF spectrum was centred around 4.8 GHz as shown in figure 2 (a) . On increasing the pump power further, a maximum output power of 9 mW was measured The pulses were measured to be 2.5 ps and had a good fit to a sech 2 profile as shown in Figure 2 (b) . The mode-locked laser spectrum was found to be centred at 1556 nm and had a full-width-half-maximum (FWHM) of 1.2 nm (Figure 2(c) ), resulting in a time-bandwidth product of 0.36. A similar experiment was carried out with the 14.5-mm-long sample and a repetition rate of 6.8 GHz and a maximum output power of 30 mW was achieved. The results for both the waveguide samples has been summarised in Table 2 . After mode-locking was achieved at a repetition rate of 6.8033 GHz, pump power was increased further to study its effect on the repetition-rate. It was found that the repetition-rate decreased by more than 1 MHz on increasing the pump power by 100 mW as seen from figure 3. This is attributed to the thermal expansion of the waveguide due to the increasing pump power. 
CONCLUSIONS
In conclusion, diode-pumped, solid-state waveguide lasers were demonstrated around two different spectral regimes. Using Yb 3+ -doped phosphate glasses, sub-picosecond operation was demonstrated around 1 μm with a repetition-rate of up to 15 GHz. Dispersion control in the laser cavity was facilitated by controlling the separation between the waveguide and the SESAM promoting self-starting, soliton mode-locked operation. Using Er 3+ , Yb 3+ -doped phosphate glasses, we have also demonstrated the first waveguide laser mode-locked by a quantum dot SESAM. Around 1.5 μm, a repetition rate of up to 6.8 GHz was achieved. The central repetition-rate was accurately controlled by varying the incident pump power which can offer a route for on-chip frequency comb stabilisation. Future work would also include, mode-locking of ion-exchanged Tm-doped waveguides [17] to demonstrate a high repetition-rate source around 2 μm.
